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Machining processes such as turning are known for generating high strains, strain rates and temperatures. These mechanical and 
thermal loadings combined on the workpiece can affect the surface microstructure in the context of average grain sizes, texture … 
etc. Therefore a thorough understanding of these two competing phenomenon on the surface should be investigated to predict the 
surface microstructure and therefore mechanical properties. However more and more specific parts used in high frequency cyclic 
loading applications require not only an understanding of the surface but also the subsurface microstructure evolution in the context 
of deformation resistance and fatigue failure. The main scope of this paper is to investigate the thermal effects of a machining 
process on the subsurface grain size and hardness through a modelling approach. In this work, a physics-driven model to predict 
temperature profiles in turning is proposed. Based on the predicted results, a diffusion-based model to predict the average grain size 
growth in the subsurface is developed, subsequently the Hall-Petch phenomenological equation was used to predict the hardness 
evolution in the subsurface. To validate the predicted results, machining experiments were conducted for aerospace aluminum alloy 
AA-7075-T6. 
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1. Introduction 
Due to the recent advances in the manufacturing science, the 
study of the surface integrity and specifically the 
microstructural changes became one of the major fields of 
interest for academia as well as for industry. [1] presented an 
integral overview regarding the recent advances in the 
modeling of surface integrity in the manufacturing and 
especially the machining processes, a larger importance is 
given to residual stresses that can be linked to a microstructural 
change. In a recent report [2], the European Air Safety Agency 
Regulations (EASAR) presented a very complex systematic 
procedure to validate the surface integrity inspection for the 
aerospace industry. As a consequence, the surface integrity 
field started being interested in the subsurface microstructure 
and residual stress evolution. In a recent work, a new modeling 
approach to capture and blend the microstructural changes 
induced by the manufacturing process into the process 
mechanics was proposed by [3]. This approach will offer the 
opportunity to predict systematically the surface and 
subsurface changes in order to enhance the surface integrity 
knowledge. During the machining of aerospace materials such 
as Titanium, Inconel or some Aluminum alloys, the large 
amount of plastic deformation and heating induces 
microstructural changes to the workpiece materials. This issue 
was well addressed by many researchers. In fact [4] 
investigated the surface evolution considering the effect of 
dynamic recrystallization. For other materials, [5] explored the 
formation of white layer in the machining of hardened steel. 
However, only few studies focused on the temperature effect 
on the microstructure especially in term of grain size. [6] 
considered the phase transformation on the surface due to the 
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friction of the tool workpiece. In [7], they gave a larger 
overview about the effect of temperature on the surface by 
investigating the micro-hardness and the materials composition 
in the machining of aero engine materials. Due to the heat 
conduction of alloys, the effect of temperature cannot be 
limited to the surface of the machined part. In fact, in the 
workpiece subsurface, the thermo-mechanical loading 
experienced by the surface is no longer dominant. However, 
the non-uniform heating generated by the machining 
temperature will drive microstructural changes and therefore 
affect the subsurface mechanical properties. In this study, a 
definition of the materials subsurface in the machining field is 
proposed based on a new analytical thermo-mechanical model 
to understand the effect of the machining process on the 
workpiece. Then, a microstructure model associated with 
experimental evidences regarding the grain evolution induced 
by the non-uniform heating of the machining process is 
proposed. Finally, the implication of this microstructural 
changes on the subsurface mechanical properties is studied in 
terms of the hardness evolution for an aerospace Aluminum 
alloy AA-7075-T6. 
2.  Analytical predictive models 
2.1. Subsurface limitation line prediction 
The recent physics based understanding of the machining 
processes made the development of correlations between the 
process parameters and the industrial relevant output such as 
surface integrity possible. The induced thermo-mechanical 
loadings are driving a very large amount of changes to the 
machined bulk material. Previous works considered combined 
mechanical and thermal aspects for the modeling purposes 
using FEM technics. A model explaining how each of the 
thermal and mechanical loadings affects the microstructure is 
therefore needed. It is clear that the surface and near surface 
are affected by both loadings, although the deformation 
process will be generated due to the cutting forces and 
therefore will have a mechanical nature. However, what we 
define as the subsurface in this study will be the area where the 
microstructure is affected only by the thermal loading. Since 
the temperature generated by the cutting process is conducted 
through the whole material. From previous work by [8] the 
fundamental analytical understanding of the orthogonal cutting 
was introduced using analytical force modeling, and capturing 
the stress distribution in the workpiece using Boussinesq 
equations as shown in equation.1. The understanding of the 
yielding process offers the possibility therefore to localize the 
mechanical effects. The temperature generated during the 
cutting process was developed based on the work of [9] using  
the moving heat source superposing shear and rubbing effect as 
shown in equation.(2,3) and Figure.2. 
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whereߪ௫ǡ ߪ௭ǡ ߬௫௭  are the principle stress components on the 
plane (xz), a,b are integration boundaries,  ݌ሺݏሻܽ݊݀ݍሺݏሻ are 
the normal and tangential pressure induced by the cutting tool 
on the workpiece. 
 
ݍ௥௨௕௕௜௡௚ ൌ ௉೎ೠ೟௏೎ೠ೟௪௏  (2) 
ݍ௦௛௘௔௥ ൌ ሺி೎௖௢௦ఃିி೟௦௜௡ఃሻሺ௏೎ೠ೟௖௢௦ః ௖௢௦ఃିఈΤ ሻ௧௪ ୡ୭ୱః  (3) 
 
where ߔǡݓǡ ݐǡ ߙǡ ௖ܲ௨௧ǡ ௖ܸ௨௧ǡ ܨ௖ǡ ܨ௧are the shear angle, the width 
of cut, the uncut chip thickness, the rake angle, the plowing 
force in the cut direction the cutting forces and the tangential 
force respectively. The process mechanics model is used in this 
study to predict the yielding depth from which the effect of the 
mechanical loading will be neglected. This depth defines the 
beginning of the subsurface domain. A simulation of the 
residual strain due to the mechanical loading after the 
machining was performed to find the depth at which the 
mechanical affect is neglected as shown in Figure.1. This 
figure shows how the mechanical residual stresses are present 
on the surface and near surface. However at a certain point, 
these residual strains become negligible. Due to the thermal 
conductivity of metals and alloys, the temperature is therefore 
expected to influence the materials microstructure changes in 
the area beyond this line called subsurface as shown in 
Figure.2. We assume that the process temperature will be the 
only factor affecting the grain evolution. As reported from 
different studies such as [10], the temperature effect is 
generating a grain growth through the decreases in free energy 
which is due to the reduction in the total grain boundary area. 
In this study experimental approaches associated with 
modelling were conducted to validate the grain growth 
behaviour in the defined subsurface area. 
 
Figure.1 Residual strain investigation (Case A) 
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Figure.2. Temperature profile during machining (Case A) 
 
 
 
Figure.3. Predicted temperature at subsurface domain (Case A) 
2.2. Grain growth and mechanical properties 
Although the mechanical effect on the subsurface area is 
neglected, the temperature induced by the machining process is 
still high enough to induce microstructural changes to the 
material. The grain growth phenomenon is known to be 
induced by temperature when it achieves the activation level. 
Grain growth takes place by diffusion process when the 
process time and temperature are large enough. This means 
that the size of the grain increases, the grain/unit volume 
decreases. Additionally, the grain boundary area/unit volume 
and the stored energy/unit volume, decreases. Understanding 
the grain growth induced by machining on the subsurface is a 
key step for determining a wide range of materials properties 
(mechanical, physical, electrical) therefore it has a significant 
technologic importance. The basic knowledge regarding the 
diffusion based grain growth was studied extensively from 
both phenomenological and kinematic approaches by [11] and 
[12]. Equation. 4 presents a kinematic approach to predict the 
grain growth happening in the rode subsurface based on the 
approach introduced by [13]. This simulation will be later 
validated using experimental data from observed 
microstructure. 
 
ܦ௡ െ ܦ଴௡ ൌ ܭݐ݁ݔ݌ ቀെ ொோ்ቁ (4) 
 
where ܦ and ܦ଴ ൌ ͶͷɊ݉ are respectively the final and initial 
grain sizes. ܶis the machining temperature that is dependent 
on the simulated cutting temperature, ݐ the time. ݊ ൌ ͵Ǥʹǡ ܭ ൌ
ʹͺǤͷͳͲିସ and ܳ ൌ ͳͳ͸݆݇Ȁ݉݋݈  are the grain growth 
exponent, the rate constant and the activation energy. The 
temperature was predicted based on the approach presented by 
[14]. Each of these constants is assumed to be independent 
from temperature ܴ ൌ ͺǤ͵ͳͶͷܬȀሺܭ݉݋݈ሻ  is the gas constant. 
During the cutting operation the heating rate is assumed to be 
constant during the heating as shown in Figure.3, therefore the 
equation yielded to a new equation where the final grain size is 
function of the heating rate ሶܶ . The initial temperature  ௜ܶ, final 
temperature ௙ܶ and ݊ǡ ݇. 
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The implementation of equation. 5. capture the growth of the 
grain size in the spectrum of the temperature generated during 
the machining process at the subsurface area. In the 
perspective of understanding how this microstructure affects 
the mechanical properties of the materials at the subsurface, 
previous works have proposed an equation to link the grain 
size evolution to the hardness evolution of the materials based 
on the Hall-Petch relation [3]. This equation is written as: 
 
ܪ ൌ ܦ଴ ൅ ܭ כ ܦି଴Ǥହ (6) 
 
where ܦ଴ is the initial grain size and ܦ the predicted grain size 
after the growth process and ܭ is a constant. Both models were 
calibrated based on the experimental results and were able to 
predict the evolution of the average grain size and therefore the 
hardness. The predicted results for the hardness are going to be 
discussed in the next section. The model was calibrates using 
one data point in order to make the model autonomous to 
predict the other set of points. 
3. Experiment and results 
An experiment was conducted on a 4 cm diameter rode. Three 
machining conditions were investigated by increasing the 
depth of cut (0.1 mm, 1 mm, 2 mm) in order to increase the 
cutting temperature, the feed was f= 0.38mm/rev machining 
was dry using a  cBN insert with a PVD coating. The rake 
angle of the cutting insert was 8° with an edge radius of 0.013 
mm.  
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Figure.4. Optical microscope image 
 
The experimental grain evolution for the cases A, B and C 
turned out as the following: Case A, d=0.1 mm, case B, 
d=1mm and case C, d=2mm. The choice of the cutting 
parameters was based on the idea of studying the different 
machining strategies. As the depth of cut decrease we move 
from roughing to finishing. The grain size was measured using 
an optical microscope in the subsurface of the rode as shown 
by Figure.4. Figure.5. present a summary of the obtained 
results regarding the relation between the machining 
temperature and the grain growth in the subsurface. The grain 
has experiences a growth as the temperature increased with the 
increases of the depth of cut. The materials hardness was 
investigated using a microhardness machine. The results 
presented in Figure.6 show a clear decrease of the measured 
hardness, as predicted by the Hall-Petch equation. The results 
reported in Figure.5 and 6 prove that the temperature increases 
with the increases of the depth of cut is inducing a grain 
growth and subsequently a decrease of the hardness. The 
model proposed in this paper was therefore able to capture this 
evolution of the microstructure with the increases of the 
subsurface temperature. 
 
Figure.5 Comparison of experimental and predicted grain size 
with the temperature registered in the subsurface 
 
 
Figure.6 Comparison of predicted and experimental hardness 
with the temperature registered in the subsurface 
4. Conclusion 
For the first time, this study considered the thermo-mechanical 
induced loadings and the process mechanics to determine a 
limit line between the areas where mechanical and thermal 
loading are the most affecting the microstructure evolution. A 
comprehensive definition of the subsurface domain was 
introduced. A model to capture the microstructure changes and 
therefore the mechanical properties was developed. The model 
is able to predict the temperature induced by the cutting 
process then implement it in a diffusion based kinetic model to 
capture the grain growth. Then the phenomenological Hall-
Petch equation was used to predict the hardness evolution 
induced by the grain growth. Experimental procedure on 
turning of AA-7075-T6 was used by increasing the depth of 
cut. The temperature as well as the grain size and the hardness 
were measured in order to validate the model. It has been 
found that the thermal effect generated by machining on the 
workpiece subsurface is inducing a grain growth, this grain 
growth is driving a softening of the materials and therefore 
decreasing it hardness. This work has proved that the 
monitoring of the temperature is as critical as it is responsible 
of driving materials properties changes in the subsurface area. 
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